Introduction {#S1}
============

Measles virus is amongst the first viruses to have been recognised to cause spontaneous cancer remissions, and more recently has been studied both preclinically and clinically for its potential as a therapeutic oncolytic virus (OV)^[@R1]-[@R14]^. MV has not yet been studied in models of human melanoma, a disease with few therapeutic options, but one known to respond to other OV and immunomodulatory approaches ^[@R15]-[@R17]^.

Both the wild-type strain of measles and the Edmonston vaccine strain (MV) have tropism for the cell surface receptor CD150, commonly expressed on lymphocytes. The vaccine strain has additional tropism for CD46, a membrane cofactor protein ^[@R18],[@R19]^. CD46 is ubiquitously expressed on all nucleated human cells and serves to downregulate the action of the complement pathway upon autologous cells. CD46 is known to be upregulated on several tumour types and is thought to be the predominant mechanism for the oncolytic preference of MV ^[@R20]^.

Around six OV have made progress into early phase clinical trials ^[@R21]^. MV, in addition to its long history of administration as a vaccine, has been safely delivered in patients with a variety of tumours by intravenous, intratumoural and intraperitoneal routes with no significant adverse events reported in a number of early phase clinical trials ^[@R13],[@R14],[@R22]^.

Though there is considerable interest in OV as agents directly toxic to cancer, we and others have also explored the potential for OV to trigger antitumour immune responses ^[@R18],[@R23]^. Indeed in some models immunity, rather than obstructing OV efficacy, is required for therapy ^[@R24]^. We have demonstrated in preclinical melanoma models that immune responses against tumour targets are triggered by inflammatory responses to OV and are a vital component of successful treatment, capable of overcoming immunosuppressive tumour environments and clearing metastatic disease ^[@R25]^. Reovirus, a promising OV currently being explored in phase III clinical testing, has been shown to activate dendritic cells (DC) which in turn stimulated innate anti-tumour activity in both natural killer cells (NK) and T-cells ^[@R26]^, as well as adaptive T-cell responses ^[@R27]^. Here we investigate both the direct oncolytic activity of MV, and also the potential for MV to stimulate innate and adaptive antitumour immune responses in melanoma.

Results {#S2}
=======

MV has oncolytic activity against, and replicates in, human melanoma cell lines {#S3}
-------------------------------------------------------------------------------

CD46 is upregulated on tumour cells, and is one of the receptors for the Edmonston strain of MV. To test the potential of MV as an OV against melanoma, we therefore first confirmed expression of CD46 on four human melanoma cell lines, Mel888, Mel624, MeWo and SkMel28 ([Figure 1a](#F1){ref-type="fig"}).

The characteristic cytopathic effect (CPE) of MV is the formation of giant multinucleated cells, or syncytia, created as infected cells express fusogenic MV proteins on their surface ^[@R20]^. In all four melanoma cell lines tested, this distinctive CPE was evident even at low multiplicities of infection (MOI), from 48 hours after infection with a MV engineered to express GFP (MV-GFP - [Figure 1b](#F1){ref-type="fig"}). MV-mediated killing of melanoma cell lines was quantified using a flow cytometry-based assessment of membrane integrity and cell viability (the Live/Dead assay), which demonstrated dose and time-dependent killing of melanoma targets by MV ([Figure 1c](#F1){ref-type="fig"}). This oncolytic activity of MV was further confirmed using an MTT assay (data not shown).

Next, cell lysates were prepared from each cell line 24-72 hours after infection with MV at an MOI of 0.1, and titrated for evidence of viral replication on VERO cells using the Reed-Muench method ^[@R28]^. As shown in [figure 1d](#F1){ref-type="fig"}, viral replication was supported in all cell lines.

Cell morphology and behaviour differs between 2- and 3-dimensional culture models, with the latter better mimicking the complex cell-cell interactions occurring *in vivo*. In particular, viral penetration into tumours is likely to be a significant obstacle for therapy, not represented in conventional monolayer models ^[@R29]^. To address this concern, we used a multilayer model of Mel624 grown on transwell inserts, in which transverse sections taken through the multilayer demonstrate the thickness achieved ([Figure 1e.i](#F1){ref-type="fig"}.) ^[@R30]^. Confocal microscopy of the multilayers 48 hours after infection with MV-GFP demonstrated susceptibility to infection, and significant penetration of large syncytia through the full thickness of the multilayer; [Figure 1e.ii](#F1){ref-type="fig"}. shows a virtual slice through a GFP-expressing syncytium, looking from the side. DAPI-stained nuclei from uninfected cells are present around the syncytium, which is seen to extend all the way from the transwell membrane to the upper extent of the cellular multilayer. Hence cell-to-cell fusion, mediated by MV, is not a phenomenon restricted to two dimensional culture models, and in this 3D model leads to formation of large convoluted syncytia.

MV stimulates the release of an inflammatory profile of cytokines, chemokines and danger signals by infected melanoma cells {#S4}
---------------------------------------------------------------------------------------------------------------------------

To investigate the inflammatory response to measles virus, cell-free supernatants collected from cells infected with varying MOI of MV were analysed by ELISA for the presence of cytokines and chemokines ([Figure 2a](#F2){ref-type="fig"})^[@R31]^. Although cytokine release varied between cell lines, certain patterns emerged. There was a dose dependent increase in the levels of the inflammatory cytokines IL6 (in 3 of 4 cell lines) and IL8 (in all cell lines) released by cells upon infection with MV. Moreover, type I interferons (IFN) α and/or β, and type III IFN λ were secreted to a variable degree by melanoma lines undergoing MV-induced killing. IFN have anti-proliferative effects on melanoma cells ^[@R32]^, as well as recruiting innate and adaptive immune responses ^[@R33],[@R34]^

Furthermore, significant levels of the chemokine RANTES were released by all cell lines except MeWo. In addition, western blotting also identified the presence of HMGB1 in cell-free supernatant from Mel888, Mel624 and MeWo ([Figure 2b](#F2){ref-type="fig"}). HMGB1 is known to be a potent danger signal, acting upon dendritic cells (DC) and other cells through TLR4, and has been shown to be an obligatory mediator of antigen presentation by DC ^[@R35],[@R36]^.

Primary melanoma cells are also susceptible to MV-oncolysis {#S5}
-----------------------------------------------------------

Metastatic deposits resected from three patients with histologically proven melanoma were used to prepare cell suspensions, maintained in culture prior to use at low passage numbers ([Figure 3a](#F3){ref-type="fig"})^[@R31]^. In keeping with the established melanoma cell lines, primary melanoma cells demonstrated the characteristic CPE of infection with either MV or MV-GFP treatment ([Figure 3b](#F3){ref-type="fig"}). Live/Dead assay confirmed the susceptibility of cells to MV treatment, albeit at a prolonged time course relative to the immortalised cell lines ([Figure 3c](#F3){ref-type="fig"}). Furthermore, ELISA demonstrated the release of RANTES, IL6 and IL8 from primary cells 72 hours after treatment with MV ([Figure 3d](#F3){ref-type="fig"}).

MV treatment of peripheral blood mononuclear cells enhances innate antitumour immunity {#S6}
--------------------------------------------------------------------------------------

We have previously shown that another OV (reovirus) can stimulate innate anti-tumour immunity within PBMC effectors ^[@R37]^. Therefore, PBMC were prepared from fresh blood, treated overnight with MV at an MOI of 1, and assayed for their ability to kill chromium labelled tumour targets. As demonstrated in [Figure 4a](#F4){ref-type="fig"}, MV treatment of PBMC markedly enhanced killing of melanoma targets over untreated PBMC, at a range of effector to target ratios. This effect was not melanoma-specific, as enhanced killing of the ovarian cancer cell line SkOV was also demonstrated (data not shown). Since innate cytotoxicity can be mediated by NK cells, we next looked for evidence of NK cell activation following treatment with MV. A panel of NK phenotypic activation markers was used, and CD69 was upregulated by MV treatment in all donors studied ([Figure 4b](#F4){ref-type="fig"}); levels of expression of other markers (CD16, CCR7, DNAM1 and NKG2D) did not alter (data not shown). To further address whether NK cells were responsible for MV- induced innate activation, a CD107 assay was performed, which confirmed degranulation of CD3-CD56+ NK cells during MV-enhanced PBMC melanoma cell killing ([Figure 4c](#F4){ref-type="fig"}).

Dendritic cells are activated by MV-infected melanoma cells {#S7}
-----------------------------------------------------------

With regard to anti-tumour immune responses stimulated by OV, we have previously shown that adaptive immunity can also be primed in models of human melanoma, and that DC serve a critical role in that process ^[@R25],[@R27],[@R38]^. We therefore explored the impact of MV and MV-treated melanoma cells upon DC. The wild-type or pathogenic strain of measles is known to be toxic to human dendritic cells ^[@R39]^ and most of the deaths associated with the measles illness are due to secondary infections as a consequence of immunosuppression^[@R40]^. In contrast, and consistent with its long history of safe use as a vaccine and in keeping with previous reports^[@R18],[@R39]^, we found that Edmonston strain oncolytic MV was not toxic to DC, as assessed both morphologically and by Live/Dead assay ([Figure 5a](#F5){ref-type="fig"}). Indeed, DC from both healthy donors and patients with metastatic melanoma directly treated with MV upregulated the costimulatory surface activation markers CD80 and CD86 (data not shown).

Tumours are known to generate an immunosuppressive environment capable of impeding the activation and function of DC ^[@R41]^. However, the inflammatory environment stimulated by MV infection of tumour may facilitate DC activation, alongside direct immunostimulatory recognition of the virus itself. To address this question, the tumour-conditioned media (TCM) from Mel888 and MV-treated Mel888 cells was collected and filtered to remove free virions ^[@R42]^, the efficacy of filtration having previously been confirmed by filtering neat virus stock and confirming the absence of CPE on Vero cells. Filtered TCM was added to DC in culture overnight, and the following day expression of DC activation/maturation markers were assessed by flow cytometry. As shown in [Figure 5b](#F5){ref-type="fig"}, there was consistent upregulation of CD80 and CD86 in response to TCM from Mel888 treated with MV. Moreover, direct coculture of MV-infected Mel888 cells with DC (incorporating both cell-to-cell and direct virus effects) also led to phenotypic changes in DC with upregulation in CD80 and CD86 ([Figure 5c](#F5){ref-type="fig"}). However, no significant additional cytokine production was elicited from DC on culture with MV-infected Mel888 cells (data not shown). Hence both the inflammatory milieu represented by TCM, and co-cultured virus-infected tumour cells, are capable of phenotypically activating DC for potential support of priming of adaptive anti-tumour immunity ^[@R42],[@R43]^.

Adaptive immune priming in response to MV infection of melanoma cells {#S8}
---------------------------------------------------------------------

Given the evidence that MV infection of melanoma cells results in the expression of inflammatory cytokines and danger signals ([Figures 2](#F2){ref-type="fig"} & [3](#F3){ref-type="fig"}), and that DC are activated by MV-infected melanoma ([Figure 5c](#F5){ref-type="fig"}), we next investigated the ability of MV-infection to stimulate a functional adaptive immune response.

DC were cocultured for 24 hours with Mel888 that had been treated with MV for 48 hours. The Mel888 cells were allowed to adhere and the non-adherent tumour cell-loaded DC (MV-Mel-DC) collected and cocultured with autologous PBMC as previously described ^[@R27]^. One week later the PBMC were again restimulated with identically treated DC. A CD107 assay was performed after one and two weeks, to test CD8 T cell degranulation against Mel888 or an irrelevant tumour target (SkOV -- [Figure 6A](#F6){ref-type="fig"}); intracellular CD8 IFNγ was also assayed after two weeks([Figure 6B](#F6){ref-type="fig"}). To confirm a cytolytic T-cell response, a chromium release assay was performed, again against Mel888 and irrelevant SkOV targets ([Figure 6C](#F6){ref-type="fig"}). Although results varied between donors, in 9 of 12 donors there was evidence of enhanced anti-melanoma activity in response to MV; [figure 6](#F6){ref-type="fig"} shows results from one representative donor. As seen in [figure 6A](#F6){ref-type="fig"}, CD8 cytotoxic T cells cocultured with MV-Mel-DC degranulated specifically on recognition of melanoma targets. The same cell population was also positive for intracellular IFNγ, indicative of a Th1 cytokine response ([Figure 6B](#F6){ref-type="fig"}). Finally, in a functional killing assay, CTL primed by MV-Mel-DC had more activity against uninfected melanoma targets than those primed by Mel-DC ([Figure 6c](#F6){ref-type="fig"}).

[Figure 6](#F6){ref-type="fig"} shows that, in all 3 assays, MV-infected Mel888 cells were more effective than uninfected cells as an antigen source for loading of DC for priming of a specific anti-Mel888 immune response.

Discussion {#S9}
==========

In keeping with reports of the action of unmodified and modified strains of oncolytic MV in other tumour models, we have demonstrated the potential of MV as an OV for the treatment of melanoma ([Figures 1](#F1){ref-type="fig"} and [3](#F3){ref-type="fig"}). The presence of clear CPE in both 2 and 3D *in vitro* tumour models, and objective measures of cell viability, confirmed oncolytic activity to a magnitude, and within a timescale, similar to published studies in models of human prostate cancer ^[@R44],[@R45]^, breast cancer ^[@R46]^, glioblastoma ^[@R47]^, myeloma ^[@R48]^, lymphoma ^[@R49]^ and mesothelioma ^[@R18],[@R50]^. In addition to being susceptible to productive infection by MV, melanoma cells (both cell lines and primary) produced an inflammatory pattern of cytokines and chemokines following infection ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Discussions about IFN in the context of OV normally centre around the need for therapeutic viruses to evade IFN, or on the loss of IFN responsiveness in tumour cells. Although melanoma cells have been demonstrated to have defective responses to IFN ^[@R51],[@R52]^, our finding that melanoma cells retain the ability to release IFN in response to MV infection was not detrimental to viral killing ^[@R42]^. Moreover, this maintained IFN release could be beneficial to therapy, because IFN can protect normal tissues to enhance the therapeutic index of the virus ^[@R53]^, and IFN have direct anti-proliferative effects themselves and are used clinically in melanoma ^[@R32],[@R54]^. Finally, IFN are known to activate DC ^[@R33]^ and enhance adaptive immune responses ^[@R55]^ as well as innate anti-tumour immunity in the context of OV ^[@R37]^. The presence of HMGB1 in the TCM of MV-infected melanoma cells is of note ([Figure 2b](#F2){ref-type="fig"}), because HMGB1 is a potent danger signal capable of promoting antigen presentation, and is thought to be central to the efficacy of conventional treatments ^[@R35],[@R56]-[@R59]^, as well as involved in responses to OV ^[@R36]^.

These data add to the growing body of evidence that a local combination of tumour target and oncolytic virus leads to death of cancer cells and the reversal of the immunosuppressive milieu propagated by tumours. The activation of innate anti-tumour immunity by OV (shown here for MV- [Figure 4](#F4){ref-type="fig"}) can support therapy via a range of immune effectors, either systemically and/or within the tumour itself ^[@R26],[@R60]^. Moreover, within an appropriate inflammatory tumour environment, DC may also become suitably activated ([Figure 5](#F5){ref-type="fig"}) for acquisition of tumour associated antigens and effective priming of an adaptive anti-tumour immune response ([Figure 6](#F6){ref-type="fig"}). The immune system has been viewed as likely to have a deleterious impact upon oncolytic virotherapy, by obstructing the systemic delivery of virus and limiting intratumoural viral replication and spread ^[@R23]^. Increasingly however, the evidence is mounting that OV may enhance both innate and adaptive antitumour responses ^[@R23]^, and that the net effect may be a benefit to therapy. In at least some preclinical models the bulk of the therapeutic effect of OV is in fact immune mediated, rather than due to direct oncolysis^[@R24],[@R60]^, although the balance between the therapeutic and damaging effects of the immune response to any OV is likely to be complex and depend on multiple variables, including prior anti-viral immunity, route of administration and co-administration of immunomodulators such as chemotherapy. Hence, interesting new strategies are being pursued that recognise that the role of the immune system in OV therapy is not straightforward, and that accumulating preclinical and clinical findings need to be incorporated into novel strategies to maximise benefit for patients^[@R61]^.

The options to correlate these data with *in vivo* assays are limited as mice lack the CD46 receptor. Transgenic mice expressing CD46 are available only on IFN deficient backgrounds, so study of clinically relevant MV in immune competent murine models is, at present, problematic ^[@R62]^. The data presented here support the ongoing development of MV as an agent with both oncolytic and immunotherapeutic potential in the treatment of human melanoma. Recent clinical studies with ipilimumab, an anti-CTLA4 antibody ^[@R17]^ and ongoing trials using adoptive cell therapies ^[@R63]^, reiterate the potential for immunotherapeutic approaches to have profound benefits for patients with melanoma. As the immunogenic potential of OV therapy is increasingly recognised, it is important that future clinical trials with these agents seek to identify relevant translational immune end-points, in addition to conventional measures of safety and efficacy, in order to inform further preclinical investigation and maximise the potential impact of viral agents.

Materials and methods {#S10}
=====================

Cell culture and reagents {#S11}
-------------------------

Human melanoma cell lines Mel888, Mel624, SkMel28 and MeWo were all supplied by Cancer Research UK and were grown in DMEM (Invitrogen, Paisley, UK) supplemented with 10% (v/v) FCS (Biosera, Ringmer, UK) and 1% (v/v) L-glutamine (Invitrogen). Vero cells were supplied by the ATCC and grown in the same media. Cells were routinely tested and found to be negative for Mycoplasma infection.

Human melanoma explants, collected under the auspices of existing ethical approvals were cultivated in a complete tissue media comprising; DMEM containing 10% (v/v) FCS, 1% (v/v) L-glutamine, with the antimicrobials gentamicin (25mg/L), penicillin (1U/L) and streptomycin (1μg/L), amphotericin (0.1mg/L), and supplemented with 1% (v/v) non-essential amino acids (all Sigma-Aldrich, Dorset, UK), 1% (v/v) insulin, transferrin and selenium (Invitrogen) and 25mM HEPES buffer (Sigma-Aldrich). Single cell suspensions were prepared as previously described ^[@R31]^.

Human PBMC and human myeloid DC were prepared as previously described ^[@R27]^. PBMC were maintained in RPMI supplemented with 10% FCS and 1% L-glutamine. Immature DC were cultured in RPMI supplemented with 10% FCS, 1% glutamine 800 IU/mL GM-CSF (Peprotech, London, UK) and 0.05μg/mL IL-4 (R&D systems, Abingdon, UK).

Multilayer model and confocal microscopy {#S12}
----------------------------------------

2×10^5^ cells were seeded into 8μm pore size ThinCert™ tissue culture inserts for 24-well plates, (Greiner Bio-One, Stroudwater, UK). Virus was added to the underlying well around 5 days after cell seeding. 48 hours after infection transwells (TW) were fixed in 1% w/v PFA (Sigma) overnight and the following morning rinsed in PBS by gentle immersion in sequential containers of sterile PBS after cautious aspiration of residual PFA. The TW were immersed in 1% FCS in PBS and blocked for 2 hours. TW were then aspirated and immersed for 5 minutes in 300nM DAPI (Invitrogen) diluted in PBS, and thoroughly rinsed in serial changes of PBS as above. TW were imaged on glass-bottomed culture dishes using an Eclipse TE2000-E microscope and the data analysed using EZ-C1 FreeViewer software v3.5 (both from Nikon Instruments Europe, Kingston, UK).

Measles virus {#S13}
-------------

Measles virus and measles virus expressing GFP were prepared as described previously^[@R49],[@R64],[@R65]^. Viral stocks were kept frozen at −80°C and thawed aliquots were used immediately. Viral stocks were bulked on Vero cells and titrated in a standard TCID50 assay as previously described ^[@R1]^. Viral treatment of cells was performed in a reduced volume of serum-free Optimem (Invitrogen). For experiments requiring virus-free tumour-conditioned media, supernatants were collected and passed through a 0.2 μm Acrodisc syringe filter (Pall Life Sciences, Portsmouth, UK) and then through a Viresolve^NFR^ filter (Millipore, Watford, UK) to remove virus. In order to confirm the completeness of filtration neat viral stocks were filtered then the eluate titrated on Vero cells as above ^[@R42]^. Viral replication was quantified by infecting melanoma cells in 6 well plates at an MOI of 0.1 in triplicate. At the required time point cells and supernatant were harvested and subjected to 3 freeze-thaw cycles to release intracellular virus. The resulting product was titrated onto Vero cells in 96-well plates after serial tenfold dilutions in Optimem. 5 days later wells were inspected for CPE and viral titre calculated according to the method of Reed and Muench ^[@R28]^.

Flow cytometry {#S14}
--------------

Antibodies to human CD3, CD16, CD46, CD56, CD80, CD86, CD150, DNAM1, CCR7 were supplied by Beckton-Dickinson Pharmingen (Oxford, UK). Anti-human CD40 was obtained from Invitrogen. Cells were acquired using a FACS Calibur and data analysed with CellQuest Pro software (both Beckton- Dickinson Biosciences, Oxford, UK). Differences between MFI values in DC experiments were compared using the paired T test and statistical significance defined where p values \<0.05.

Viability assays {#S15}
----------------

Cells were harvested and washed with PBS then labelled with LIVE/DEAD® fixable dead cell stain (Invitrogen) according to the manufacturer's protocol and incubated at room temperature for 30mins. Cells were subsequently washed twice, once with PBS and once with PBS supplemented with 1% FCS. They were then fixed in 1% PFA and analyzed by flow cytometry. Further assessment of oncolytic activity was performed using MTT assay after 24, 48 and 72 hours treatment with MV according to methodology previously described ^[@R31]^.

ELISA and Western blotting {#S16}
--------------------------

IL6 and IL8 were detected using matched pair antibodies (BD Pharmingen). IFNβ was quantified using the Verikine™ Human Interferon Beta ELISA kit (PBL Interferon Source, Newmarket, UK). IFNα was quantified using the Mabtech Human ELISA kit (Mabtech Ab, Buro, Germany). IL28 and RANTES were measured using the respective R&D duosets.

HMGB1 was assayed by collecting cell-free supernatants, 48 hours after treatment with MV. The supernatants were diluted 1:1 with Laemmli buffer prior to loading 20μL of diluted supernatant on a 10% SDS page gel using standard protocols; staining for HMGB1 was performed using a monoclonal mouse anti-human HMGB1 antibody (R&D systems, Abingdon UK) used at 1μg/mL in a 1:1 mix of Odyssey blocking buffer (LiCor Biotechnology, Cambridge UK) and PBS/0.1% Tween. Goat anti-mouse conjugated with AlexaFluor 680 (Molecular probes, Invitrogen) was used as a secondary antibody at 0.2μg/mL for protein detection using the Odyssey Infrared imaging system (LiCor).

Priming assays {#S17}
--------------

Cytotoxic T-lymphocytes were generated by loading Mel888 or MV-treated Mel888 onto DC at a ratio of 3:1. After 24 hours non-adherent DC were harvested then cocultured with autologous PBMC at ratios varying from 1:15 to 1:45 in CTL media (RPMI supplemented with 7.5% (v/v) human AB serum (Sera Laboratories Int., Hayward's Heath, UK ), 1% (v/v) L-glutamine, 1% v/v sodium pyruvate (Invitrogen), 1% (v/v) non-essential amino acids, 1% (v/v) HEPES (Invitrogen), 20μM β-mercaptoethanol (Sigma)) and 5ng/ml IL-7 (R&D Systems). IL-2 (R&D Systems) was added at 30IU/ml on day 4 only. CTL were restimulated after one week in an identical fashion.

Cytotoxicity Assays {#S18}
-------------------

### CD107 degranulation {#S19}

Surface expression of CD107 was measured as follows. CTL and tumour targets were incubated at a 1:1 ratio in the presence of anti-CD107a and b-FITC (BD Pharmingen). Brefeldin A (Sigma)(10 μg/mL) was added after 1 hour. After a further 4 hours, cells were stained with anti--CD8, or anti-CD56 and anti-CD3, and analysis performed by flow cytometry.

### Chromium release assay {#S20}

The cytotoxic activity of CTL or PBMC was measured using the ^[@R51]^Chromium release assay as previously described ^[@R66]^. Percent lysis was calculated using the formula: % lysis = 100 × (cpm experiment − cpm spontaneous release)/ (cpm maximum release − cpm spontaneous release).

### Intracellular IFNγ {#S21}

CTL and tumour targets were incubated at a 1:1 ratio and brefeldin A added after 1 hour. After a further 4 hours cells were harvested and stained with anti-CD56 and anti-CD3 then fixed with 1% w/v PFA. Cells were subsequently permeabilised with 0.3% w/v saponin then stained with FITC-labeled goat anti-human IFNγ (BD Pharmingen), and analysis performed by flow cytometry.
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![Oncolytic activity of MV against human melanoma cell lines. **A**; Levels of surface expression of CD46, the MV receptor, were determined by flow cytometry in four human melanoma cell lines (Mel888, Mel624, MeWo, SkMel28). Filled histograms are isotype controls. Data shown are representative of three separate experiments. **B**; Melanoma cells were infected with GFP-expressing MV at a range of MOI. Photographs were taken 48hr after infection by phase contrast (left) and fluorescence (right) microscopy. **C**; Cytotoxicity was further measured in each cell line using the Live/Dead assay. Data shown are mean results from five separate experiments; bars demonstrate SE. **D**; Viral replication. Melanoma Cells were infected at an MOI of 0.1 and after 48 hours virus quantification was determined using the TCID50 method. Data shown are representative of 3 separate experiments. **E**; Mel624 were grown in a three dimensional model using transwell inserts for 5 days, then infected from the inferior (as indicated) surface with MV-GFP. i) Transverse sections of the multilayer model stained with H&E. ii) Confocal Z-stack image showing a lateral projection of a GFP-expressing syncytium.](ukmss-38599-f0001){#F1}

![The inflammatory response associated with MV infection. **A;** Cytokine/chemokine release. Cell-free supernatants were collected 48 hours after infection with MV and cytokine levels determined by ELISA. Data shown are representative of three independent experiments. **B;** HMGB1 release. Melanoma cells were treated with MV at MOI from 0.01 to 5. 48hours after infection cell-free supernatant was collected then analysed by western blot for HMGB1. Lanes with protein markers (M) and untreated controls (C) are indicated. Data shown are representative of two separate experiments.](ukmss-38599-f0002){#F2}

![Effects of MV on primary melanoma cells. **A**; Primary cells from freshly explanted melanoma **B;** Characteristic CPE 48 hours following treatment with MV-GFP by phase contrast (left) and fluorescence (right) microscopy. **C**; Live/Dead assay 2, 5 and 9 days after treatment of primary cells with MV. Data shown are representative of primary cells from three donors. **D**; ELISA of supernatant from primary cells treated with MV 72 hours previously.](ukmss-38599-f0003){#F3}

![Activation of innate immunity by MV. PBMC were treated overnight with MV (MOI 1). **A**; Chromium release elicited from labelled Mel888 targets on 4 hour culture with MV-treated PBMC. **B**; Levels of CD69 on CD3-CD56+ NK cells with or without treatment with MV. **C**; CD107 upregulation on CD3-CD56+ NK cells within PBMC, following four hour co-culture with Mel888. All figures are representative of experiments in three healthy donors.](ukmss-38599-f0004){#F4}

![Effect of MV on dendritic cells. **A**; DC were directly treated with MV at a range of MOI, or LPS as an alternative maturation agent, and then analysed by Live/Dead. **B**; DC were cultured in filtered virus-free tumour conditioned media (TCM) from Mel888 infected with MV at MOI of 0, 0.1 or 2.5 for 48 hours, and expression of surface markers measured. **B.i**; shows levels of expression normalised to untreated DC, and are mean values from four donors. **B.ii**; is a representative histogram plot of CD86 expression from one donor; Black line is isotype control, blue line is untreated DC, red line is DC treated with TCM from untreated Mel888 and purple line is DC treated with TCM from Mel888 infected with MV at 2.5 MOI. **C**. DC were cultured with infected or uninfected Mel888 for 24 hours then levels of surface marker expression measured from non-adherent cells gated on class II positive populations. Data are mean values from four donors and bars indicate SEM throughout. Asterisks indicate statistically significant differences between MFI values for DC treated with Mel888 or Mel888 TCM, versus 2.5 Mel888 or 2.5 TCM](ukmss-38599-f0005){#F5}

![Priming an adaptive T cell immune response. CTL were primed from PBMC cocultured with autologous DC that had been loaded with either Mel888 (control) or Mel888 treated with Mv at an MOI of 0.1 (0.1). **A**; Degranulation of CTL following coculture with either Mel888, SkOV or an equal volume of media free of target cells. **B**; Intracellular IFNγ within CTL primed from PBMC following coculture with Mel888, SkOV or media control. **C**; Cr-51 release from Mel888 following coculture with CTL; no significant release of Cr51 was detected from irrelevant SkOV targets. Data shown are from one donor, representative of experiments in 12 donors, in 9 of which a specific anti-melanoma response was elicited.](ukmss-38599-f0006){#F6}
